This paper presents a new method to simulate the aeroacoustics and aerodynamics of engine liners. The method is based on the nonlinear disturbance equations (NLDE). First a steady state ow eld is computed by a standard CFL code (or analytically) and then the NLDE is used to simulate the perturbations. Numerically it is fourth order accurate in space and time. Thompson characteristic boundary conditions are applied to introduce acoustic waves at the inlet boundary of the duct. A typical engine liner unit with three holes on the face sheet is studied with and without the in uence of a mean ow. The results show the interaction between the holes and their contributions to the acoustics in the duct. This study supplies a better understanding of the mechanism of engine liner aeroacoustics. Parallel computers are a necessity for this compute-intensive problem.
Introduction
Aircraft duct liners for turbofan engines need to be safe, durable, and e cient, in addition to being able to reduce radiated noise. This is especially di cult when trying to suppress broadband noise from advanced highbypass-ratio engines or for discrete frequency fan noise over a wide range of engine power settings. Optimal liners will have v arying hole sizes, hole spacings, cavity depths, etc. These designs usually rely upon extensive experimental tests, which are quite time consuming and costly. These tests usually need to be conducted at fullscale, since nonlinear e ects prohibit scaling the results. Acoustic treatment design methods are strongly dependent on empirical and semi-empirical methods.
Until recently only frequency-domain methods had been used for the prediction of sound propagation in acoustically treated ducts, 10 as well as for the extraction of the impedance (inverse problem) of the material. 14, 15 However, frequency-domain methods, 1 unlike the timedomain methods, can only solve for one frequency at a time. When broadband frequency response and nonlinear e ects are important, time-domain methods are more suitable. Recent research has shown that time-domain numerical methods 7, 8, 12 may be suitable for evaluating di erent liner designs.
Until recently little research had been done on the e ects of high sound pressure levels on propagation through liners, a problem in nonlinear acoustics. 2 A better understanding of ow mechanisms around liner structures would be very useful for improving the design methods and the impedance models. Recently developed parallel methods and computers now make solving nonlinear liner problems possible. Direct aeroacoustic and aerodynamic simulations can be used to study waves propagating in the duct in a nonuniform ow, including the e ects of hole-hole interactions and boundary layers.
In this paper, a three dimensional direct aeroacoustic and aerodynamic solver is described which s i m ulates multi-hole liners. The important nonlinearities, and the viscous and grazing ow e ects, are considered simultaneously.
This research is related tothe research being performed in the NASA Langley ow-impedance tube facility 9 shown in g. 1 This apparatus has a 51 x 51 mm cross section and is designed to produce a controlled aeroacoustic environment with a Mach number up to 0.6 over a test specimen length of 41 cm. Four 120-W phase-matched acoustic drivers generate signals over a frequency range of 0.3-3.0 kHz, with sound pressure level up to 155 dB at the test specimen leading edge. Acoustic waves propagate from left to right, across the surface of the test specimen, and into a termination section designed to minimize re ections over the frequency range of interest. Our numerical simulation models a typical con guration. The numerical solution will be compared with experiment a l d a t a f r o m t h i s f a c i l i t y in the future. Nonlinear Disturbance Equations (NLDE)
The methodology used here is based on the nonlinear disturbance equations, which is a newly developed numerical method. 4 The general Navier-Stokes equations in a Cartesian coordinate system are: @q @t + @F @x + @G @y + @H @z = @R @x + @S @y + @E @z (1) where F, G, a n d H are the inviscid terms and R, S, E are the viscous terms. The results presented here will all be inviscid. The ow eld is split into a mean and a uctuating part: 
The mean ow source term Q is time independent: (10) If the NLDE is time averaged, it becomes the Reynolds-averaged Navier-Stokes equation, where the Reynold's stresses are on the left hand side. Thus, for a laminar ow Q = 0 .
We seek a solution of the perturbation variables q 0 with a known mean ow eld, which can be obtained from existing well-developed CFD codes (e.g. CFL3D 6 ) or analytically, for steady ow. This methodology allows us to use the most e ective algorithms for the steady and unsteady portions of eld, respectively. 3 It also minimizes round-o error since we are only computing perturbations. We can even use di erent grids for the steady and unsteady solution. More discussion on this new method is in the reference. 4 Characteristic Boundary Conditions for NLDE
The boundary conditions for the NLDE are developed by applying Thompson's characteristic method 13 to the nonlinear disturbance equations. Instead of using the conservative form of the equations, the boundary conditions are derived based on the nonconservative f o r m : (2) into (11) - (13) Here we apply a characteristic analysis to the perturbation variables and move the mean ow terms to the right hand side, which is di erent than the approach e mployed by others. Now considering a boundary located at x = x 0 and using the characteristic analysis 13 to modify the hyperbolic terms of Eqs. (14) - (15) 
We h a ve s h o wn here the characteristic boundary conditions in the x direction. The equations for the y and z directions are derived in a similar manner. For edges and corners in three dimensions the equations for the various directions are combined into one approximate equation. This type of boundary condition treatment also allows one to easily introduce a disturbance at the incoming boundary by deriving an expression for one of the incoming characteristics with a source term. At t h e o u tow boundaries, the boundary conditions are essentially non-re ecting.
Numerical Method and Parallel Methodology
The NLDE are cast in a generalized coordinate system and solved numerically using a nite di erence scheme. The discretized equations are solved in a time accurate manner by taking advantage of computational aeroacoustics (CAA) methods. The spatial ux derivatives are calculated using seven point stencils of the fourth order optimized Dispersion Relation Preserving (DRP) scheme of Tam and Webb. 11 The time integration is a fourth order accurate Runge-Kutta method.
E cient computing performance is achieved by u s i n g a three dimensional domain decomposition strategy and parallel computers. The code is written in Fortran 77 plus Message Passing Interface (MPI) 5 and is scalable in three dimensions. The multi-hole liner con guration is too complicated for a multi-block grid. In order to make the code scalable and exible, a three dimensional singleblock g r i d i s u s e d . The whole computational domain is divided into many three dimensional zones. The grid points are evenly distributed across each processor.
The NLDE solver is implemented portably on parallel computers, such as the IBM SP2 (e.g. Penn State, NPACI, MHPCC), SGI Power Challenge and Pentium II Cluster. A comparison of code performance for the NLDE code run on various machines is shown in Fig. 2 . While a 24-processor IBM SP2 is 8.4 times faster than 8 P entium II's (266 MHz and Fast Ethernet) networked together, the SP2 costs roughly 14 times more than the PC cluster. Fig. 3 gives the wall clock time for the NLDE code with 1.86 million grid points using varying number of processors. A 64-processor SP2 is roughly 2.6 time faster than a 16-processor SP2 (when problem size is kept xed). 
Results and Discussions
The con guration of the NASA Langley ow-impedance tube is depicted in g. 1. A t ypical single layer liner specimen is shown in g. 5. The test segment consists of three parts, the porous face sheet, the partitions (e.g. honeycomb) and solid backplate. Our preliminary approach to this application is to simulate one of the honeycomb cavities. As shown in g. 4, it has a three-hole face sheet, a rectangular cavity a n d a b a c kplate. Similar to the ow-impedance tube facility, a duct ow with inlet boundary layer is set up over the face sheet. An acoustic wave is input at the upstream boundary of the duct. The liner wall and duct wall are treated as solid walls using Thompson's characteristic wall boundary condition, which w as discussed earlier. At the inlet boundary, characteristic boundary conditions allow both the incoming and outgoing waves. The presence of the liner causes the generation of additional modes in the duct that can propagate in both directions. The condition for the inlet boundary to be nonre ective yet at the same time a source plane is achieved by deriving an expression for one of the incoming characteristics with a source term, here we h a ve: The computational grid for this problem is 121 127 153. There are 11 11 grid points covering each h o l e on the face sheet.
Two sets of numerical simulations are performed and discussed. The rst case has a plane pressure wave coming in from the upstream boundary (left side in g. 4) . The amplitude of the wave is 23.5 PA and its frequency is 2720 Hz. There is no mean ow in the duct. The second case has the same acoustic wave but there is a mean ow of Mach number 0.1 through the duct. The pro le of the mean ow i s obtained by using a Blasius laminar boundary layer solution. The thickness of the boundary layer at the inlet boundary of the computational domain is evaluated by the distance from the inlet of the test rig in g. 1 It is acknowledged that this is only an approximate representative of the inlet boundary layer. In future work, CFL3D will be used to supply the background ow. In this paper, we w i l l s h o w i n teraction between the holes on the face sheet and the e ect of the boundary layer over the holes. Fig. 6 to g. 9 show the results for the case without mean ow at four di erent times, g. 10 to g. 13 show the results for the case with mean ow. T is the time period of the wave. In each gure the plane wave e n ters from the left boundary and there are three instantaneous acoustic pressure contour plots. The left one is the horizontal slice on the top of face sheet which shows the perturbation interactions between holes on the duct wall. The shape of the plane wave i s c hanged greatly near the holes and the pattern around each hole is di erent from each other due to the interaction. The mean ow with boundary layer enhances these changes.
The middle plots are the vertical slice in the middle of the two hole section which s h o ws the perturbation inside the cavity and the e ect on the acoustics of the liner unit when two holes line up in one direction. T h e p l o t i n t h e right is another vertical slice in the middle of the one hole section which shows the wave pattern is di erent from that of the two hole section. Inside the cavity, complex wave structures are observed near the holes. Near the bottom of the cavity (backplate), the waves become close to plane waves. It is believed that these wave structures will be very important for understanding the mechanism of liner aeroacoustics and to optimize their designs. In order to capture more detailed wave structures near the holes, more grid points and viscosity have t o be used. Viscous e ects have been included in the mean ow, but not in the perturbations. Outside the cavity, the in uence from the boundary layer is clear.
To present more quantitative data, the peak of the sine wave is tracked. In g. 14, three instantaneous acoustic pressure contour plots show t h e eld when peak of the waves is above holes 1 to 3. At each of these times, the pressure perturbation along the center line of the hole is plotted in g. 15. There is a pressure jump across the holes. The left side of this jump gives the pressure level inside the cavity and the right side shows the level in the duct. When the peak reaches the third hole, the pressure level has decreased in the duct, while the pressure level has increased in the cavity. The magnitude outside the cavity i s m uch higher than that inside the cavity in these plots.
Concluding Remarks
A better understanding of acoustic and aerodynamic mechanisms of engine liners is extremely important for optimizing liner design and noise prediction. For this purpose, a time domain method is applied to study the liner problem directly. In this paper a NLDE solver is developed based on the nonlinear disturbance equations along with the fourth order accurate method in space and time. Parallel computers (some of them are very low cost, e.g. a PC cluster) and a domain decomposition technique are used for the simulation of the engine liner model. This liner model is based on a test segment of the facility at NASA Langley. The code shows promise of time-accurate solutions of liner ow elds. It also shows that the NLDE is an approach to e ciently uncouple the low-speed mean ow from the acoustics. In future work, more ned grids around the holes will be used. The viscous e ects on ow perturbations will also be considered. Eventually, the results will be compared with the experimental data from NASA Langley, in particular impedance data. 
